Spinocerebellar ataxia type 3 is caused by the expansion of the coding CAG repeat in the ATXN3 gene. Interestingly, a 21 bp frameshift occurring within an exp CAG repeat would henceforth lead to translation from a GCA frame, generating polyalanine stretches instead of polyglutamine. Our results show that transgenic expression of exp CAG ATXN3 led to 21 frameshifting events, which have deleterious effects in Drosophila and mammalian neurons. Conversely, transgenic expression of polyglutamine-encoding exp CAA ATXN3 was not toxic. Furthermore, exp CAG ATXN3 mRNA does not contribute per se to the toxicity observed in our models. Our observations indicate that expanded polyglutamine tracts in Drosophila and mouse neurons are insufficient for the development of a phenotype. Hence, we propose that 21 ribosomal frameshifting contributes to the toxicity associated with exp CAG repeats.
INTRODUCTION
Nine neurodegenerative disorders are caused by expansion of a coding CAG repeat, among which is spinocerebellar ataxia type 3 (SCA3) (1) . Previous investigations established a number of shared clinical, genetic and molecular features among these disorders; the most intriguing being mutant protein aggregation (often as intranuclear inclusions, INI) which is deemed to be their hallmark trait. Fibrillary INI are also observed in oculopharyngeal muscular dystrophy, caused by the expansion of a short polyalanine repeat in the polyA-binding protein nuclear 1 (PABPN1) gene (2) . A 21 bp frameshift occurring within an exp CAG repeat would lead to translation from a GCA frame, generating polyalanine stretches instead of polyglutamine. Using cell culture models of SCA3 or Huntington's disease, we and others have previously shown that 21 frameshifting occurs in vitro (3, 4) , that frameshifts seem to happen at the ribosomal level (5) , and that they lead to the production and aggregation of proteins containing polyalanine stretches (4, 5) ; nonetheless, the biological relevance of this phenomenon remains unclear.
RESULTS

frameshifting events are deleterious in Drosophila
We developed and characterized Drosophila transgenic lines expressing ATXN3 with polyglutamine expansions (transgenes are schematized in Fig. 1A ) to examine frameshifting in the context of a model more complex than cultured cells. Each transgene construct contained full-length ATXN3 and bore epitope tags in the three reading frames to allow the † These authors contributed equally to this work. * To whom correspondence should be addressed at: Centre de Recherche du Centre Hospitalier de l'Université de Montréal (CRCHUM), 1560 Sherbrooke East, Room Y-3633, Montréal, Québec, Canada H2L 4M1. Tel: +1 5148908000, ext. 24699; Fax: +1 5144127602; Email: guy.rouleau@umontreal.ca ′ ,6-diamidino-2-phenylindole (DAPI)-stained nuclei (blue); (x-xii) transversal sections stained with DAPI (blue)-arrows denote retinal thickness. Only exp CAG 92 flies showed external (ii) and internal (v, viii and xi) degeneration, which was characterized by cell death and irregular ommatidia and photoreceptor distribution. Scale bar, 25 mm. (C) Western blot analysis of exp CAG 92 and exp CAA 96 Drosophila lines. Lanes 1 -3: expression of atx-3 in exp CAG 92 fly lines; lanes 4-6: expression of atx-3 in exp CAA 96 fly lines. An anti-actin antibody was used as a loading control. Densitometry of the atx-3/actin ratio was measured, and all lines expressed similar levels of atx-3 protein as indicated below each lane. (D) Retinal thickness was measured for all exp CAG 92 and exp CAA 96 transgenic lines, and a significant thinning of the retina can be observed in the exp CAG flies (P , 0.0001). (E) Immunohistochemical detection of 21 frameshifting in adult exp CAG 92 (i) and exp CAA 96 (ii) flies. Frameshifted species were detected with anti-HA antibody (red), while main-frame species were detected with an anti-Myc antibody (green). Frameshifted atx-3 aggregated in a perinuclear fashion and was present only in exp CAG fly lines (i). Scale bar, 2.5 mm.
monitoring of any frameshifting events; several transgenic lines were obtained for each construct (Supplementary Material, Table S1 ). For phenotypic characterization, flies were examined upon their eclosion and compared with isogenic control fly crosses. Direct visualization of the external eye ( Fig. 1Bi -iii) revealed that two of the three exp CAG 92 lines obtained had an overt eye phenotype from eclosion, while the third line developed a phenotype 5 days post-eclosion. This eye phenotype was characterized by visible disruption of both morphology ('rough eye') and pigmentation, and it was progressive as it worsened over time; at 20 days posteclosion, the pigmentation was completely absent and the morphology severely disrupted. In contrast, none of the Drosophila lines expressing exp CAA 96 transgenes presented overt phenotypic anomalies (Fig. 1Biii) , either at the time of eclosion or later adult life. To determine whether the difference in phenotypic presentation between exp CAG 92 and exp CAA 96 flies could be due to differential expression of the transgenes, we prepared western blots using lysates from these flies and used antibodies against atx-3. These detections revealed comparable levels of atx-3 ( 72 kDa) in all lines ( exp CAG 92 or exp CAA 96 ) (Fig. 1C) . The comparison of these lines suggested that in vivo expression of polyglutamine per se was not responsible for the fly eye phenotype we observed; rather it appears that it is the expression of an exp CAG repeat that is toxic.
To examine the cellular alterations leading to the phenotype described above, sections of the various transgenic fly lines were prepared in three different ways. First, epon-embedded 3-day-old adult fly heads were prepared and stained using toluidine blue to observe the eye tissue structure underlying the external eye phenotype (Fig. 1Biv -vi) . Tangential sections showed intact ommatidia with preservation of photoreceptor cells in isogenic control and exp CAA 96 flies ( Fig. 1Biv and  vi) , whereas exp CAG 92 flies exhibited a marked degeneration of cells in the retina and severely disrupted morphology (Fig. 1Bv) . Secondly, cryosections of the same fly lines were immunostained for the atx-3 epitope to confirm the adequate and exclusive transgene expression in the eye of every exp CAG 92 and exp CAA 96 fly line ( Fig. 1Bviii and ix) . Lastly, transversal sectioning was performed on all exp CAG 92 and exp CAA 96 fly lines, and revealed degeneration of the eye, signified by a thinning of the retina, in only exp CAG 92 flies (shown by the double-ended arrows in Fig. 1Bx -xii and measured in Fig. 1D ).
To elucidate the mechanisms underlying the phenotypic discrepancies observed between the exp CAG 92 and exp CAA 96 flies, we next monitored the production of mainframe and frameshifted (in both 21 and +1 frames) atx-3 proteins in our ATXN3 fly models. Immunohistochemical detections were made using an antibody against human influenza hemagglutinin (HA), and the exclusive presence of 21 frameshifted proteins in exp CAG 92 flies were revealed to be in a ring-like perinuclear pattern (Supplementary Material, Fig. S1 ), whereas the Myc antibody against main-frame atx-3 showed that the protein was localized normally to the nucleus of these flies. Visualization of HA and Myc laser-scanning signals through the whole z-stack confocal revealed that 21 frameshifted protein structures surrounded the entire nucleus ( Fig. 1Ei) and that mainframe atx-3 was intranuclear in all flies tested ( exp CAG 92 and exp CAA 96 , Fig. 1Ei and ii). Interestingly, the occurrence of +1 frameshifting was tested using an anti-His antibody, but never detected (data not shown). These observations made using a model organism are altogether in agreement with previous observations from cultured cell model experiments (5), as they further validate our original hypothesis about 21 frameshifting within exp CAG tracts.
To confirm that our observation of 21 frameshifted peptides was genuinely due to ribosomal frameshifting and not a transcriptional error that could have generated these, cDNAs were derived from three different exp CAG 96 lines, cloned into a TOPO vector and sequenced. This generated a total of 70 clones, none of which suggested the presence of 21 frameshifted products could be attributed to an altered reading frame; nonetheless, 19 clones had a 15-20-amino acid deletion upstream from the CAG repeats that did not alter the reading frame.
RNA does not confer toxicity in Drosophila
In lieu of frameshifting, the increased toxicity associated with exp CAG 92 versus exp CAA 96 in our flies could also be due to the distinct mRNAs transcribed by the two DNA sequences. RNA-mediated pathogenesis associated with expansion of trinucleotide repeats has been implicated in a number of degenerative diseases (6), among which myotonic dystrophy (DM1) (7), fragile X-associated tremor ataxia syndrome (8) and SCA3 (9) . To assess the contribution of RNA toxicity to the Drosophila phenotype described above, a new set of fly lines for which a STOP codon was introduced just upstream of the repeat ( exp CAG or exp CAA) was created (Supplementary Material, Table S1 and Fig. 2A ). As a result, the expanded repeat tract of these transgenes will not be translated, while the entire encoding mRNAs of the transgenes will nonetheless have been transcribed; in the end, the only proteins that will come from either of these STOP-modified transgenes ( exp CAG or exp CAA) will be identical atx-3-truncated protein lacking the polyglutamine stretches. Comparison of these two sets of fly lines will enable us to determine whether the exp CAG 94 is indeed toxic at the RNA level. The comparative analysis of the STOP-CAG 94 and STOP-CAA 94 fly lines revealed a complete absence of eye phenotype for either one of the two constructs (Fig. 2B) , despite the observed adequate expression of the two proteins and their messenger RNAs; as verified by western blotting (Fig. 2C) , reverse transcriptase polymerase chain reaction (RT -PCR) (Fig. 2D ) and quantitative real-time PCR using two separate probes (Supplementary Material, Fig. S2 ). Finally, retinal thicknesses (shown by the double-ended arrows in Fig. 2Bxiii -xvi and measured in Fig. 2E ) did not show significant differences among the STOP-CAG 94 , STOP-CAA 94 , and the isogenic control fly lines (+/gmr-GAL4). These results argue against a contribution of RNA toxicity to the differential phenotypes observed in our exp CAG and exp CAA fly models (Fig. 1) .
frameshifting events are deleterious in mammalian neurons
Next, we used a biolistic approach to transfect mouse cortical and cerebellar organotypic slice cultures with bicistronic fulllength ATXN3 cDNA containing various-sized CAG repeats (DsRed in the main-frame, at the N terminus; enhanced green fluorescent protein (EGFP) in the 21 frame, at the C terminus; Fig. 3A ). This approach should allow the ex vivo evaluation of exp CAG 21 frameshifting events in a disease-relevant mammalian tissue environment. These transgenes were engineered for direct visualization of main-frame atx-3 in red, and frameshifted atx-3 in green, without the use of antibodies for their detection. Transfection of postnatal mouse pup (8-9 days) cerebellar slices with the wt CAG 14 construct resulted in expression of atx-3 throughout the Purkinje cell layer and the formation of aggregates, mainly in their nucleus (Fig. 3Bi) . A post live-imaging examination performed using an antibody against calbindin further revealed that across all slices, cells of the Purkinje layer retained a normal morphology up to 72 h post-transfection. In contrast, expression of exp CAG 92 led to an improper development of the Purkinje cell layer ( Fig. 3Bii) . This phenotype, which was evident as early as 24 h post-transfection, progressed rapidly to severe degeneration and cell death at 72 h post-transfection. Purkinje cells exhibiting expression of frameshifted atx-3 (Fig. 3Bii ) appeared dysmorphic with aberrantly shaped nuclei, severely shortened arborizations and the presence of aggregates in both their nucleus and dendrites. Interestingly, in these same cerebellarslice cultures, any Purkinje cells expressing only main-frame atx-3 and no 21 frameshifted atx-3 proteins retained their normal morphology and survived similarly to those transfected with wt CAG 14 (Fig. 3Biii) . By comparison, Purkinje cells from organotypic slices transfected with exp CAA 96 never showed the presence of frameshifted atx-3 (Fig. 3Biv) ; despite a high proportion of protein aggregation, which in this case can only be due to polyglutamine and not frameshifted polyalanine, these cells survived over time just like those transfected with wt CAG 14 . Similar results were obtained for the cortical organotypic slice transfection experiments. In the case of exp CAG 92 , transfected pyramidal cells expressed 21 frameshifted atx-3 protein as early as 24 h post-transfection, and also rapidly progressed to severe degeneration and cell death by 72 h post-transfection (Fig. 3Ci) . The incomplete colocalization of frameshifted atx-3 protein with nonframeshifted (main-frame) protein in the nucleus (Fig. 3Cii) suggests that the two proteins are perinuclear and nuclear, respectively.
DISCUSSION
Using a Drosophila developing eye transgenic expression model, we tested the impact of full-length ATXN3 constructs with disease-relevant expanded CAG tracts, and epitope tags in every one of the three possible translation frames to demonstrate the presence of 21 frameshifting exclusively in exp CAG 92 flies. Our results showed that the occurrence of 21 frameshifted atx-3 proteins correlated with the development of the eye phenotype of these animals. Indeed, our results indicate that the in vivo expression of polyglutaminecontaining atx-3 alone is not sufficient to cause a degenerative phenotype in the fly, and that 21 frameshifting events and their concomitant production of polyalanine-containing atx-3 are key contributing factors for the development of the toxic phenotype observed in this model. Furthermore, biolistic transfection of mouse cerebellar and cortical organotypic cultures validated these observations in a mammalian neuronal context. Moreover, expression of the exp CAG ATXN3 mRNA per se did not produce the phenotype, which differs from results reported earlier by Li et al. (9) who also used an atx-3 Drosophila model; albeit transgenes used by this group were not designed to observe translational frameshifting events. This discrepancy between phenotypes could simply be due to the fact that truncated ATXN3 cDNA transgenes rather than full-length were used, as it was previously reported that artificially truncated constructs bearing exp CAG tracts are in fact associated with increased toxicity of the transgenes (10) . Recent evidence led us to consider the possibility that the stretch of polyalanine we observed may not be due to 21 frameshifting, but rather to a hypothesized property of CAG repeats that allow the initiation of translation in the three reading frames [repeat-associated non-ATG (RAN) translation] (11). Our observations of flies expressing STOPmodified transgenes do not support such events as proteins with polyglutamine, polyserine or polyalanine could not be detected. Hence, we concluded that RAN translation events do not occur in Drosophila.
Programmed ribosomal frameshifting (PRF) was originally described in viruses (12) . It allows the translation of more than one protein from the same RNA molecule through the use of the different possible alternative reading frames; thus yielding a more efficient use of the limited size viral genome (13) . Frameshifting to the 2l frame (21 PRF), in particular, is used in viral mRNAs mainly to bypass the STOP codon to produce a longer frameshifted protein (14) . Following reports which established that main-frame and frameshifted proteins have different functions, one of the known consequences of PRF is now deemed to be the regulation of stoichiometric ratios between structural and enzymatic proteins (13, 15) , so PRF is considered a target of choice for the design of some antiviral drugs (16) . Over the years, a vast amount of information has emerged to explain PRF in detail, strongly suggesting that it is more frequent in, but not exclusive to, viral molecules, as PRF has been identified in several prokaryotic and eukaryotic (17) chromosomally encoded genes, including mammalian genes (18) . It, however, remains to be determined whether 21 PRF plays a major role in human regulation of gene expression. Several groups are engaged in the development of predictive software to identify and characterize chromosomally encoded PRF signals in genomes from all kingdoms (19 -23) , which will help determine whether frameshifting-modulating factors are also functionally present in translation events of human genes. The results described herein represent the experimental confirmation of the occurrence of 21 frameshifting in Drosophila and in mammalian neuronal cells in the context of a human DNA sequence, with pathological consequences.
Expansion of polyalanine tracts leads to an increasing number of human diseases, most of them involving severe malformations (24, 25) . Here, we provided in vivo and ex vivo evidence that suggests these alanine homopolymers may also be involved in exp CAG tract disorders, implying that long polyalanine tracts could, directly or indirectly, underlie the pathology of close to 20 severe human phenotypes, with potentially more to be discovered. Our results suggest that preventing 21 frameshifting may help alleviate symptoms of SCA3 patients, and possibly other exp CAG disorders. According to the results presented here, polyglutamine diseases may have a polyalanine component, or at least stem from the combined effects of both types of molecules; assessing the contribution of 21 frameshifting in exp CAG tract toxicity may therefore be important for our understanding of these diseases, as this mechanism offers a novel therapeutic target.
MATERIALS AND METHODS
Transgenic Drosophila lines
Constructs are depicted in Figures 1A and 2A . Full-length ATXN3 cDNAs bearing wt CAG 14 , exp CAG 92 , exp CAA 96 , STOP-CAG 94 or STOP-CAA 94 repeats were subcloned in pUAST (some vectors have a STOP codon upstream of the repeat). Epitope tags were added to each reading frame: Myc for main-frame, HA for 21 frame and His for +1 frame. Vectors sequenced before injection into w 1118 Drosophila eggs; a step followed by selection of positive transformants, mapping and balancing (Genetic Services, Inc.). Flies bearing transgenic constructs in a homozygous state were maintained at 258C. Adult males were crossed to virgin gmr-GAL4 flies to obtain lines expressing transgenes in developing eyes ( wt CAG 14 /gmr-GAL4, exp CAG 92 /gmr-GAL4, exp CAA 96 / gmr-GAL4, STOP-CAG 94 /gmr-GAL4 and STOP-CAA 94 / gmr-GAL4 genotypes). To obtain isogenic control flies, w 1118 male flies were crossed with virgin gmr-GAL4.
Epon embedding and microtome preparation of sections
Heads from adult flies were fixed (4 h, 2% glutaraldehyde, on ice) and dehydrated by ethanol immersions (10 min of successive 50, 70, 80, 95 and 100%) before their transfer in phosphate buffer with 2% osmium tetroxide (1 h) and finally in propylene oxide (30 min). For embedding, heads were successively placed in 1:1 propylene oxide/Epon (overnight, 48C), 100% Epon (first overnight, room temperature and another overnight incubation, 608C). Embedded heads were sectioned (1 mm) on a microtome and stained with toluidine blue.
Western blot analysis
Thirty heads were collected in radioimmunoprecipitation assay buffer with protease and phosphatase inhibitors (Boehringer), homogenized, sonicated 2 × 10 s and spun (10 000 rpm, 5 min, 48C). Protein concentrations of supernatants were measured by Bradford and 5 mg of each were boiled (10 min) in Laemmli buffer, separated by sodium dodecyl sulfate -polyacrylamide gel electrophoresis and transblotted on nitrocellulose membranes (Bio-Rad). Immunodetection was performed as described previously (5) using mouse anti-ataxin-3 monoclonal antibody (1:50 000; Chemicon) and mouse anti-actin monoclonal antibody (1:50 000; Chemicon), and anti-mouse IgG horseradish peroxidaseconjugated secondary antibody (1:10 000; Cell Signaling).
Densitometry measures of the atx-3 and actin bands were obtained from western blots, and the ratio of these two bands was calculated for each protein extract that was loaded. Densitometry was carried out using the Image J software, and repeated three times on two different protein extracts.
Drosophila immunohistochemistry
For transversal and coronal sectioning, heads of adult flies (3 days) were embedded in Tissue-Tek (Sakura Finetek) and placed on dry ice. Ten micrometer sections were prepared, dried (30 min, room temperature) and fixed (4% paraformaldehyde, 15 min). Detections were carried out after permeabilization (0.2% Triton X-100) and blocking (10% normal goat serum, NGS). Primary antibodies were used overnight: mouse anti-Myc (1:1000, Invitrogen), mouse anti-HA (1:100, Sigma-Aldrich) or rabbit anti-His (1:500, Invitrogen). Appropriate fluorescent secondary antibodies were used (anti-mouse or anti-rabbit Alexa Fluor-tagged secondary antibodies, 1:500; Invitrogen). 4
′ ,6-diamidino-2-phenylindole (DAPI) (blue) was used to reveal the localization of the nuclei. Visualization was carried out on a Leica CTR6000 fluorescence microscope or a Leica SP5 Laser Scanning confocal microscope. Measurement of the retinal thickness was performed using Volocity software (PerkinElmer). Four measurements per eye were made, and an average calculated per eye. A minimum of 20 eyes were measured per line.
RT -PCR and sequencing
RNA from 20 heads was extracted using Trizol. After homogenization, chloroform was added and the tubes centrifuged (12 000 rpm, 15 min, 48C). Isopropanol precipitation was done on the aqueous phase, pellets washed with 75% ethanol and resuspended in RNase-free H 2 O. Reverse transcription was performed using the QuantiTect kit (Qiagen), preceded by a genomic DNA wipeout step. Five microliters of the 1/10 dilution of the RT product was used for ATXN3 amplification [1 cycle 988C/30 s; followed by 10 cycles (988C/10 s, 638C 588C/30 s, 728C/1 min); followed by 30 cycles (988C/10 s, 588C/30 s, 728C/1 min); and finally 1 cycle 728C/10 min].
For sequencing, the resulting PCR products were introduced into pCR-Blunt II TOPO vectors using the Zero Blunt PCR Cloning kit (Invitrogen), and One Shot Escherichia coli cells (Invitrogen) were transformed. Colonies were then isolated from lysogeny broth agar plates containing kanamycin, and the DNA extracted was sent for sequencing.
Quantitative real-time PCR RNA was extracted as described above. cDNA synthesis was performed using the Superscript Vilo cDNA Synthesis kit (Invitrogen) from 1 mg of RNA. Quantitative real-time PCR (QRT-PCR) was performed using the TaqMan method (Applied Biosystems) with two probes against ATXN3 (HS01026447_n1 and HS00245259_n1), and against Drosophila RPL32 (ribosomal protein L32; Dn02151827_g1). Fluorescent signal was captured using ABI PRISM 7900HT Sequence Detection System (Applied Biosystems). The level of expression was determined by converting the threshold cycle (Ct) values using the 2-DDCt method (26) . Expression of ATXN3 was normalized with the Drosophila RPL32 probe and was calculated in comparison of the mean of exp CAG lines. Three experiments were carried out using two different RNA extractions.
Constructs for organotypic slice culture
Previously produced full-length ATXN3 fly constructs were digested to excise full-length ATXN3 cDNA with various repeat lengths (14 or 92 CAG; 92 CAA). Fragments were cloned into pDsRed-Express-C1 at BglII -EcoRI, upstream of EGFP (keeping intact expression in the main or 21 frames). Plasmid DNA was transformed in DH5a E. coli, colonies isolated for plasmid direct sequencing; large-scale purification of plasmid DNA was performed and products resequenced. The resulting bicistronic constructs contain DsRed-encoding sequences at the N-terminus and EGFP-encoding sequences at the C-terminal.
Cerebellar-slice organotypic culture C57BL/6 cerebellar organotypic slices were prepared following the Fenili and De Boni (27) procedure. Brains of postnatal day 8 -9 pups were immersed in Hank's Balanced Salt Solution (HBSS; Invitrogen). Parasagittal slices of cerebellum (200 mm) were cut using a Tissue Chopper (Stoelting), and placed on Millicell six-well plate transparent inserts (Millipore) with 1 ml of culture medium [v/v; 50% minimum essential medium (MEM), 22% HBSS, 15% heat-inactivated horse serum, 10% heat-inactivated fetal bovine serum, 1% insulintransferrin-selenium, 1% penicillin-streptomycin solution and 1% of 0.5 g/ml D-glucose (all from Invitrogen)]. Final concentrations of glucose, penicillin and streptomycin were 0.6% (w/v), 100 units/ml and 100 mg/ml, respectively. Slices were kept at 348C with 5% CO 2 ; medium was changed every 3 days. At equivalent postnatal day (EP) 18, slices were transfected using the Helios Gene Gun (Bio-Rad).
